The b-lactamase genes, which confer multi-drug resistance, are spreading among clinical bacterial isolates. As part of a routine surveillance program, we collected 302 bacilli isolates between June 2005 and October 2006 from four hospitals in Guangzhou, China. The isolates were screened for multidrug resistance and for the presence of b-lactamases. In all, 80 isolates were identified as multidrug-resistant with the K-B method. These isolates were phenotypically screened for b-lactamase activity by disk diffusion prescreening, diffusion confirmation, the cefoxitin three-dimensional test and the metallo-b-lactamase (MBL) synergy test. Bacteria were genotypically screened for b-lactamase genes by PCR and DNA sequencing. Among the 80 strains, drug resistance was lowest to amikacin (18.75%) and highest to ampicillin (97.50%), 26.49% had a b-lactamase phenotype, 16.56% had the extended-spectrum b-lactamase (ESBL) phenotype, 24.83% had a b-lactamase genotype, 51 carried integrons, 30 carried class I integrons and 18.75% had the ISEcp1B insertion sequence. Sequencing also detected a new CTX-M ESBL gene subtype, which had an ISEcp1B element upstream of bla CTX -M-Like , and an IS903 element downstream, forming a composite transposon. Multidrug resistance and b-lactamases continue to be prevalent in Guangzhou. Our results suggest that resistance genes are evolving and being horizontally transmitted between species.
INTRODUCTION
In the past 20 years, a large number of cephalosporins have been developed. In response, a large number of multidrug-resistant strains of bacteria have emerged. Cephalosporins are broad-spectrum antibacterials, and widespread use of these antibiotics is believed to have created selective pressure on bacteria to gain resistance to cephalosporins. Among the Gram-negative bacilli, the production of the b-lactamase enzymes is one of the main mechanisms of resistance to cephalosporins. The b-lactamases are being transmitted from species to species among the bacteria, and as 'selfish genes,' the b-lactamases themselves are undergoing rapid evolution. The b-lactamases have a broad and increasing spectrum of substrates, are increasing in genetic varieties, and spread easily.
Ambler et al. 1 classified the b-lactamases into four types, A, B, C and D, according to amino acid sequence. In 1995, expanding on Ambler's molecular classification method, Bush et al. 2 further classified the b-lactamases into four categories based on substrate specificity as well as the sensitivity to clavulanic acid and EDTA. The extended-spectrum b-lactamase (ESBL), cephalosporinase AmpC and metallo-b-lactamase (MBL) are the commonly seen varieties in clinical practice.
b-lactamases may be transmitted via plasmids and transposons, and the transmission of DNA via conjugation and transposition.
The appearance of type SHV, DHA and VIM b-lactamases mediated by transposons, insertion sequences and integrons indicates that the drug-resistance genes can transmit horizontally. [3] [4] [5] Because of the urgent clinical effect of the b-lactamase genes, continuous monitoring of clinical isolates is needed, especially in high-density population centers such as Guangzhou, which can serve as epicenters for the evolution and transmission of new strains. Here we report the results of a survey of multidrug resistance among bacterial clinical isolates from Guangzhou, China.
MATERIALS AND METHODS

Bacterial strains
We isolated 302 non-repetitive Gram-negative bacilli from clinical specimens collected by the laboratories of four hospitals in the Guangzhou area (the First Affiliated Hospital of Guangzhou Medical College, the Second Affiliated Hospital of Guangzhou Medical College, the First People's Hospital in the city of Guangzhou, and the Guangzhou Red Cross Hospital) from June 2005 to October 2006. The bacteria were identified to species with the VITEK-2 identification system (BioMerieux, Marcy l'Etoile, France).
Escherichia coli (E. coli) ATCC25922, Klebsiella pneumoniae (K. pneumoniae) ATCC700603 and Pseudomonas aeruginosa (P. aeruginosa) ATCC27853 were purchased from the identification institution of the Ministry of Health (Beijing, China) as quality control strains. The standard AmpC enzyme producing strains of Enterobacter cloacae (E. cloacae) 029 M (chromosomemediated de-repressed continuous high-yielding type) and E. coli DH5a2919 (carrying a plasmid producing ACT-1) were gifts from the Third Affiliated Hospital of Sun Yat-Sen University.
Antimicrobial susceptibility
Isolates were tested for antibiotic resistance with the VITEK-2 GNP drug susceptibility card (BioMerieux) and with the K-B sensitivity test on MuellerHinton plates with commercial antimicrobial susceptibility disks, strictly following the recommendations of the Clinical and Laboratory Standards Institute (CLSI). 6 Multidrug-resistant strains were defined as resistant to three or more of the following antimicrobial agents: cephalosporins (ceftazidime (CAZ), CAZ with clavulanic acid, cefotaxime, cefotaxime with clavulanic acid, ceftriaxone, cefazolin, cefepime, cefoperazone, cefoperazone with sulbactam and cefoxitin); penicillins (piperacillin with tazobactam, ampicillin, piperacillin, ampicillin with sulbactam and ticarcillin with clavulanic acid); carbapenems (imipenem and aztreonam); aminoglycosides (gentamicin and amikacin); sulfonamides (cotrimoxazole); and quinolones (ciprofloxacin and levofloxacin).
b-Lactamase phenotypes
The strains found to be multidrug resistant were further screened by phenotype for the presence of b-lactamase. The ESBLs phenotype of the strains was examined using the disk diffusion prescreen and confirmation method recommended by CLSI according to the ESBLs experiment guideline. 6 The screening of the AmpC enzyme and the identification test were conducted using the cefoxitin three-dimensional test, as previously published. 7 The MBL synergy test was used for initial screening for the identification of the metalloenzyme; strains with a 416 mg ml À1 CAZ minimum inhibitory concentration (MIC) value were treated as strains suspected to produce MBL.
b-Lactamase genotypes
DNA template samples from isolates with b-lactamase phenotypes were screened for b-lactamase genotypes. Briefly, overnight cultures of bacteria were suspended in 60 ml of TE buffer (10 mmol l À1 TrisCl, 1 mmol l À1 EDTA, pH 8.0). The suspension was shaken and mixed well, and then heat-lysed in a 97 1C water bath (10 min), placed at À20 1C (1 min) and centrifuged at 12 000 r.p.m. for 5 min (Optima L-90K ultra-high-speed refrigerated centrifuge; Beckman, Fullerton, CA, USA). The supernatant was collected and kept at À20 1C for later use.
The presence of known b-lactamase genotypes in the isolates was determined by PCR amplification with specific primers (Table 1) followed by DNA sequencing. The PCR was carried out in a total volume of 20 ml, consisting of 1 ml each of forward and reverse primers, 2 ml of 10 Â PCR buffer, 1 ml of 150 mmol l À1 dNTP, 1 ml of 2.5 mmol l À1 Mg 2+ , 1 ml of 1 U Taq enzyme, 2 ml of DNA template and 11 ml H 2 O. The reaction conditions were: 1 cycle of denaturation at 95 1C for 3 min; followed by 30 cycles of denaturation at 95 1C for 30 s, annealing at 56 1C for 35 s, and extension at 72 1C for 45 s; and a final extension at 72 1C for 10 min. Shanghai Yingjun Biological (Shanghai, China) synthesized the primers and sequenced the amplification products. Using BLAST, we compared the sequences with GenBank to determine isolate genotypes.
Genetic environment of the b-lactamases
In order to define the mechanism of transmission of the b-lactamases, we screened our b-lactamase-positive isolates for integrons and insertion sequences carrying the genes. The variable primer and degenerate primers were used to amplify the integron, then a nested PCR reaction followed by sequence determination was used to look for a class I integron carrying the b-lactamase gene cassette.
Integrons were detected by PCR with a variable primer pair, 5¢-GGCATC CAAGCAGCAAG-3¢ and 5¢-AAGCAGACTTGACCTGA-3¢, 11 and a degenerate primer pair, 5¢-TGCGGGTYAARGATBTKGAT-3¢, 5¢-CARCACATGCGTRTAR AT-3¢. 4 PCR conditions were similar to that mentioned above, with annealing temperatures of 56 1C for the variable primers, and 50 1C for the degenerate primers. Known insertion sequences were screened for by nested PCR on the integron amplicons with previously published primers ( Table 2) . 
OXA-B GTGTGTTTAGAATGGTGA IMP-1-F c CTACCGCAGCAGCAGAGTCTTTG 587 Prevalence of b-lactamases in China W Liao et al PCR conditions were as above, using the annealing temperatures shown in Table 2 . Primers with restriction enzyme digestion sites (CMF and CMB) and primers specific for the insertion sequences ISEcp1, IS903, ORF513 and IS26 are shown in Table 2 .
To study the insertion sequence environment of our newly detected genetic subtypes of CTX-M ESBLs, the nested PCR amplification used the PCR product of the integrons as the template to detect insertion sequences with the CMF and CMB primer pair ( Table 2) . The CM primer pair with restriction enzyme digestion sites was self-designed. Long fragment PCR was used to amplify the entire sequence of CTX-M type ESBLs at the downstream side of ISEcp1B and the sequence was determined.
PCR products were sequenced by Shanghai Yingjun Biological and the results were analyzed with BLAST against GenBank to determine genotypes. PCR primers were synthesized by Shanghai Yingjun Biological and Takara Biotechnology (Dalian, China).
Statistical analysis
Data were expressed as numbers (%). The analyses were carried out using the SPSS 15.0 software package (SPSS Institute, Chicago, IL, USA).
RESULTS
Multi-drug resistance
Drug resistance rates to 22 kinds of antibacterial drugs were tested. The total detection rate of multidrug-resistant Gram-negative bacilli was 26.49% (80 of 302). The drug to which the least number of multidrug-resistant isolates (18.75%) were resistant was amikacin. The drug to which the most multidrug-resistant isolates (97.50%) were resistant was ampicillin.
Detection of b-lactamase by phenotype and genotype On the basis of phenotypic tests, majority of the 80 multidrugresistant isolates carried ESBLs (Table 3) . Some strains carried ESBLs+AmpC or ESBLs+AmpC+MBL (Table 3 ). There was one strain for which the phenotype could not be determined.
Genotyping detected isolates carrying the TEM, SHV, CTX-M-G1, PSE, ACT-1, DHA-1, CMY and IMP-1 genotypes (Table 4 ). E. coli, K. pneumoniae, P. aeruginosa, Acinetobacter baumannii (A. baumannii), E. cloacae, Pseudomonas cepacia (P. cepacia), Citrobacter freundii (C. freundii), Morganella morganii (M. morganii) and Flavobacterium meningosepticum (F. meningosepticum) carried 4-6 kinds of b-lactamase genes (Table 4) , which is closely related to the multidrug resistance seen in clinical practice. Table 5 summarizes the combinations of b-lactamase genes that were carried by these strains.
Detection of integrons
To further understand the spread of multi-drug-resistance in our community, we looked for association of the b-lactamase genes with integrons that could serve as mechanisms of transmission for these genes. PCR using degenerate primers to amplify integrons from the 80 multi-drug resistant isolates detected class I integrons in 51 strains. Integrons were detected only in 30 strains when amplifying with the variable primers. Integrons were found in all genera of bacteria tested.
Detection of insertion sequences
Further, we used PCR amplification followed by sequencing of the PCR products to test for the presence of insertion sequences associated with the b-lactamase genes. The total detection rate of ISEcp1B was 16.25% (13 of 80). It was detected in 18.75% (3 of 16) of E. coli specimens, 25% (4 of 16) of K. pneumonia, 15.38% (3 of 13) of P. aeruginosa, 25% (2 of 8) of E. cloacae and 25% (1 of 4) of C. freundii. Electrophoretic separation of the nested PCR products showed that the downstream side of the insertion sequence ISEcp1B connected with bla CTX-M-like genes, such as CTX-M-3 and CTX-M-9. The sequences of the PCR products of ISEcp1B were determined for eight stains. It was found that the 3¢ end of most of the ISEcp1B sequences was connected with an inverted repeat sequence, which provides an action site for the translocase. The downstream side of that was connected with different CTX-M type ESBLs genes, which provided a recognition site for its horizontal transfer. In addition, two promoters, À35 and À10, were present, which have an important regulatory role in the high-level expression and transmission of the downstream CTX-M-type ESBLs. The length of the start distance between the two promoters and the CTX-M-type ESBLs encoding gene varied, showing genetic polymorphism.
Sequencing results also revealed one new CTX-M ESBLs gene subtype, which is a composite transposon. It was composed of the genetic elements of ISEcp1B upstream of bla CTX-M-Like , and the Prevalence of b-lactamases in China W Liao et al conserved sequence of the insertion sequence IS903 downstream of bla CTX-M-Like . The insertion sequence from isolate En45 was found to share 99% homology with an ISEcp1B found in Paris, France (GenBank accession no. AJ416345). 11 The sixth nucleotide was changed from A-T, resulting in the change of Lys: AAA-Asn: AAT. The 1006th nucleotide changed from G-A, and the termination code changed from UGA: TGA-TAA.
In addition, the IS26 insertion sequence was found in E. coli 3 and K. pneumonia 49 isolates. It contained the tetracycline gene found in E. coli 3, but no b-lactamase gene was located in either insertion sequence.
DISCUSSION
Our survey showed that, during the 2005-2006 time period, multidrug-resistance due to b-lactamases was prevalent in Guangzhou hospital bacterial isolates. Various types of b-lactamase genes were found spread throughout all the tested genera. We carried out additional testing for genetic elements (integrons and insertion sequences) that could mediate transfer of the b-lactamase genes. Integrons and insertion sequences were found distributed among the various bacterial isolates, strongly suggesting that horizontal Table 4 The distribution of genotypic detection of b-lactamase in multidrug-resistant Gram-negative bacilli by genera ECO  16  12  6  9  --2  --KPN  16  13  5  7  3  -3  --PAE  13  9  5  6  3  -3  -1   ABA  10  8  2  1  -----ECL  8  6  2  4 -2 --- 
4 Genes Total  16  16  13  10  8  4  4  2  3  1  1  1  1  80 transfer is responsible for the wide distribution of the b-lactamase genes that we observed. In our screen for integrons, we detected more varieties of amplicons than was previously reported for the Guangzhou region. 12, 13 The highly efficient integration and expression of integrons can enable the transmission of a drug resistance gene among bacteria in the same or different genera. 3 The movement of transposons, such as ISEcp1B, may promote resistance to gene evolution. 14, 15 The identification of a new CTX-M ESBLs gene subtype, the ISEcp1B/IS903 hybrid, which is a composite of known insertion sequences is evidence that evolution is occurring during these horizontal transfers. Similar composite transposons consisting of ISEcp1B and IS903 flanking the CTX-M-1, CTX-M-9, CTX-M-15, CTX-M-17 and CTX-M-54 genes, were reported in Europe, the Americas and Asia. 7, 10, 14 We previously participated in a drug resistance monitoring group organized by the 13 major hospitals in the Guangzhou region from July 2001 to August 2003 and obtained 3500 strains of non-repetitive continuous isolates of Gram-negative bacilli. Of these 31% (1084 of 3500) were positive for the ESBL phenotype. In our study we found that a similar percentage (26.49%) of samples were multidrug-resistant.
A review of worldwide multi-drug resistance showed that there is a haphazard distribution of both nosocomial bacterial species and of the phenotype of resistance against antibiotics. 16 In general ESBL phenotypes were rare in the 1980s and became prevalent in the 1990s. 16 Regarding ESBL genotypes, the CTX-M family of ESBLs has become prevalent in the 2000s. 17 Our data also shows a variety of phenotypic and genotypic b-lactamase genes and gene transmission elements. We found CTX-M family members and evidence of a new CTX-M variety. Thus, our results are similar to the prevailing trends of antibiotic resistance. Our genotypic data showing which genes exist together in clinical isolates (Table 5 ) may be valuable when developing antibiotic strategies. The presence of mobile genetic elements harboring multiple resistance genes enhances the survival of the mobile elements by providing multiple opportunities for selective pressure as the bacteria encounter various antibiotics. 18 Rotation of the antibiotics used in a hospital has been proposed as a strategy to combat the spread of multidrug resistance, 18 but successful implementation would require knowing which resistances are genetically linked so that the linked genes are not inadvertently maintained.
Our smaller sample size limits the accuracy of our statistics. Another limitation was that both the genotypic and phenotypic tests did not detect b-lactamase in some samples. This may have been because of the primer designs or PCR reaction conditions being unable to detect the genotype carried by certain strains. Our PCRbased tests to detect integrons also lacked sensitivity. To compensate for this we used both variable and degenerate primers, allowing us to detect more insertion sequences. The degenerate primers can potentially detect Class I, II and II integrons, whereas the variable primers only detect Class I integrons. This may explain the difference in detection rate.
Among the commonly used antibacterial drugs in clinical practice, bacteria had the lowest total drug resistance rate to amikacin (16 of 80), followed by imipenem (17 of 80) and piperacillin/tazobactam (24 of 80). These medicines should be the best choice to combat the extant multidrug-resistant strains. However, these antimicrobials should be judiciously rationed to prevent the development of further resistance. Continued clinical monitoring for multidrug-resistant bacteria is warranted.
